Textured alumina ceramics were obtained by Spark Plasma Sintering of undoped commercial a-Al 2 O 3 powders. Various parameters (density, grain growth, grain size distribution) of the alumina ceramics, sintered at two typical temperatures 1400 C and 1700 C, are investigated. Quantitative textural and structural analysis, carried out using a combination of Electron Back Scattering Diffraction and X-ray diffraction, are represented in the form of mapping and pole figures. The mechanical properties of these textured alumina ceramics include high elastic modulus and hardness values with high anisotropic nature, opening the door for a large range of applications. V C 2013 AIP Publishing LLC [http://dx
INTRODUCTION
Alumina (Al 2 O 3 ) ceramic has been widely studied for its multifunctional applications in electronics, mechanical, biomedical, chemical, optical, refractory military uses, and enameling properties. [1] [2] [3] [4] In particular, many efforts are focused on the control of the grain size, shape, porosity, texture, and density in order to understand and precisely tune their mechanical properties. Despite the numerous reported works on preparing ceramic alumina, very few of them are, however, addressing the correlation between processing, microstructure, and properties.
There are various synthesis techniques available to synthesize ceramic materials and obtain the required microstructure for various applications. 5 Recently, Spark Plasma Sintering (SPS) is an emerging technique that has been utilized to densify different kinds of materials. The SPS process is a pressure-assisted pulsed current sintering process in which densification is highly promoted at lower temperatures compared to conventional processes. This process usually leads to highly dense ceramics with fine control of grain structures. 6, 7 SPS is indeed useful because of its versatile nature in densification in a short amount of time, avoiding the coarsening process and leading to texture. 8 It has been shown for Ca 3 Co 4 O 9 and Bi 2 Te 3 that the spark plasma process could significantly induce texture along the direction of applied pressure leading to changes in the thermoelectric performance. [9] [10] [11] Thus, the texturing of alumina ceramics by controlling the SPS parameters (in terms of temperature and uniaxial pressure) is necessary to design advanced ceramics with tunable mechanical properties. The preferred crystallographic orientation (texture) of polycrystalline materials influences many properties of the bulk material at the macroscopic scale via the intrinsically anisotropic character of most of the physical properties observed at the level of a single crystal. This is particularly true for elastic properties. Hence, a careful examination of the texture's effect at the polycrystalline sample scale is necessary to understand its physical impact on the orientation and the elaboration technique. Therefore, the determination of the crystallographic preferred orientation of alumina generated through SPS is required.
Several methods have been developed to quantitatively determine texture in materials, those based on diffraction techniques (such as x-ray, electron, neutron diffraction) being the most efficient. Using X-rays, intensities diffracted from a set of diffracting planes are measured while the sample is stepped through a series of orientations to complete the pole figures. Electron Backscatter Diffraction (EBSD) technique based on electron diffraction has also proven its efficiency and is widely used for texture analysis in materials science. 12 The aim of the present work is to precisely determine the texture of spark plasma sintered Al 2 O 3 ceramics measured as a function of sintering temperature. Also key parameters like grain size, misorientation angle, and orientation distributions are investigated using combined analysis of x-ray and electron backscattering diffraction. This latter parameter is used to simulate macroscopic elastic stiffness tensors that might impede the mechanical response of the material and to compare to experimental mechanical properties. Finally, we expect such a study to be useful for a better understanding of the growth mechanisms of corundum ceramic products which are widely used in a range of applications.
99.97%). The Scanning Electron Microscopy (SEM) analysis confirms the average particle size of about 8 lm diameter. The purchased powder was sintered using a spark plasma sintering apparatus (Struers Tegra Force-5). For SPS, nearly 5 g were loaded into a graphite die with a 20 mm diameter with graphite paper on both sides of the graphite punch and were sintered at different temperatures between 1400 to 1700 C. The heating rate was kept at 90 C/min until reaching 450 C under a uniaxial load of 16 MPa and then was increased to 100 C/min with a simultaneous increase of the uniaxial load to 100 MPa to reach the final sintering temperature of 1400 C, and 1700 C for the two samples, with dwell times of 20 and 10 min, respectively. Finally, the samples were cooled to room temperature at 90 C/min. To remove the carbon from the surface, the samples were kept at 1200 C for 12 h. The alumina pellet was then cut perpendicular to the direction of the uniaxial load. To ensure a high quality of the Kikuchi patterns in the Electron Backscatter Diffraction, a highly polished surface was obtained using mechanical polishing followed by thermal etching at 1200 C for 10 min. The EBSD experiments were performed to determine texture on the polished surface obtained as described above with carbon tape along the edges to avoid charging. The samples were mounted in the EBSD sample holder with a 70 -tilt angle from horizontal in a SEM operated at 20 kV. Automated EBSD scans were performed with a step size of 1/10th of grain size; the working distance was set to 10 mm and identified the sample as the a-Al 2 O 3 phase (space group R-3c:H, Crystallography Open Database No. 1000032). 13 The acquired Kikuchi patterns were indexed automatically by the EDAX's Orientation Imaging Microscopy (OIM TM ) software (v. 6). From this dataset, an Orientation Distribution (OD) of crystallites was calculated using discrete 5 binning input parameters and 5
Gaussian smoothing, which allowed the re-calculation of both pole figures and inverse pole figures.
Texture and structural variations were also investigated at a larger macroscopic scale by X-ray diffraction, using a 4-circle diffractometer setup equipped with a Curved Position Sensitive detector (CPS120 from INEL SA) and a monochromatized Cu Ka radiation. The overall texture strength is evaluated through the texture index which is expressed in m.r.d.
2 units and varies from 1 (random powder) to infinity (perfect texture or single crystal) and used to compare the texture strength of different samples exhibiting similar ODs.
14 The sample reference frame is given by the SPS direction of pressure (P SPS ), which corresponds to the centers of the pole figures (Z).
The hardness and Young's modulus of elasticity were extracted from the nanoindentation experiments performed in the mirror-like polished sample. Superficial hardness profiles were obtained with a MTS XP TM nanoindentation device using the continuous stiffness measurement mode. Nanohardness was measured using the Oliver and Pharr methodology. 15 Poisson's ratio for the test material (0.21 value is generally used for alumina) and 1141 GPa and 0.07 are the elastic modulus and Poisson's ratio of the diamond indenter, respectively. On each sample, two matrices of indents were performed (25 indents -5 Â 5; X-Y-space: 90-160 lm; indentation depth: 120 lm). The loading path consisted of five force increments with holding time of 30 s and unloading to 90% of the latest force. The time of loading was 15 s and the maximal applied force was 5 mN. Young modulus values were measured during the 5 unloading with the slope at maximum loading and were then averaged. The extracted parameters are the mean values of 25 measurements. The density of the samples was finally measured from Micrometrics AccuPyc 1330 Gas Pycnometer. Figure 1 displays the typical evolution of the relative density as a function of dwell time. A uniaxial load of 100 MPa was used to minimize coarsening and to accelerate the sintering process. From the curve, a dwell time of 20 and 10 min is obtained for 1400 C and 1700 C, respectively. Figure 1 further indicates that the densification increases linearly up to the end of dwell time much faster for the higher temperature, while at 1400 C a two-regime behavior appears before saturation. At saturation, within the spanned dwell times, the process leads to a relative density of 96% at 1400 C, whereas at 1700 C, the final relative density reached almost the full densification value of 99.99%. This is consistent with an increase of atomic diffusion at grain boundaries during sintering at larger temperatures.
RESULTS AND DISCUSSION
The EBSD analysis, performed on the 1400 C and 1700 C samples, was obtained with overall good qualities (see the Image Quality (IQ) maps in Figures 2(a) and 3(a)). Such IQ images are formed by mapping the IQ index obtained for each point in an EBSD scan onto a gray scale in which the darker gray shades in the image denote lower IQ values. The average image quality for the scan shown is 961 and 914 for Figs. 2(a) and 3(a), respectively. Note that this is not an absolute value; it depends on the material, the technique, and the parameters used to index the pattern. The overall quality maps exhibit high amounts of gray over the grains confirming a good crystalline nature and homogeneity. However, readily apparent in the IQ maps, the presence of grain boundaries with some areas appearing dark over the whole grain, points probably to rough surfaces or residual porosities. 16 There are, however, less dark areas in the IQ FIG. 1. Relative density for a uniaxial pressure of 100 MPa as a function of the dwell time for samples sintered at 1700 C and 1400 C. The plot is derived from the SPS data of piston displacement versus time. [8] [9] [10] Note that a bimodal distribution is observed for sample grown at 1700 C as seen from grain size distribution from EBSD data.
image of the 1700 C sample, and grain boundaries appear weaker, at the benefit of globally lighter grains, indicating a less perturbed crystal state for higher sintering temperatures (even if the overall Kikuchi patterns do not show a clear difference). EBSD orientation maps of the sample surface perpendicular to P SPS illustrate the crystalline direction of each grain aligning with the pressing axis, using a color coded inverse pole figure definition (Figures 2(b) and 3(b) ). A significantly larger fraction of red colored grains are observed, indicating that the h0001i crystal directions align with P SPS . The {0001} and {1-210} pole figures computed from the OD (Figures 2(c) and 3(c) ) exhibit similar orientations for both samples, i.e., of a prominent h0001i parallel to the P SPS , with relatively low orientation densities at distribution maxima (around 3 m.r.d.) and a-and b-axes randomly oriented around c-axis indicating a cyclic-fiber texture. In order to obtain a larger macroscopic view, by analyzing a larger volume in comparison to EBSD, it was coupled with X-ray diffraction analysis for overall texture determination probing around 1 Â 10 6 crystals. Strong variations of intensities in the x-ray diffraction diagrams measured for various sample orientations were observed, indicating the presence of a relatively pronounced texture. The combined analysis refinement (Figure 4 ) correctly reproduces the experimental diagrams, within reliability factors R w ¼ 38.23% and R exp ¼ 25.89%. These apparently large values of reliability factors depend on the number of experimental points, which in the present case is very large (around 2.3 Â 10 6 ). From these two factors, a v 2 value was evaluated to be of 1.48 and corresponds to a good refinement value.
The pole figures of the main crystallographic directions of Al 2 O 3 ( Figure 5 ) show a relatively strong h001i cyclicfiber-texture for the 1400 C sample. Note that similar images were recorded (not shown) for the 1700 C sample. A maximum of the OD of 33.7 m.r.d., corresponding to the nearly 4.5 m.r.d. maximum value of the {006} pole figure is also obtained. The h001i fiber character of the texture is confirmed by the axially symmetric distribution of the {300} pole figure ( Figure 5 ) and is consistent with the EBSD analysis. The OD has also been refined with satisfactory reliability factors, R w ¼ 18.11% and R B ¼ 18.30%. Only one component of texture exists, counting for the whole volume, which can be compared favorably with the strongest textures observed in corundum ceramics elaborated by other techniques. 17 The refinement converges to unit-cell parameters and atomic positions close to the usual values, with no significant variation between the two samples (Table I ). In addition, the overall texture strength, maxima of OD, pole figures, and inverse pole figures do not show significant variation with the sintering temperature from both EBSD and X-ray texture analysis. However, subtle differences are observed between the X-rays and EBSD pole figures in density levels. For example, the non-axial symmetry exhibited in EBSD pole figures (which is inconsistent with the axially symmetric applied load in the SPS) is due to an insufficient number of crystallites probed during EBSD measurements, although data binning and FWHM of the Gaussian component used during the OD calculation were adapted to meet OD resolution. Consequently, these extra orientations introduced in EBSD data contribute to the decrease of the pole density levels of the {001} pole figure, compared to x-ray refinements.
The uniaxial pressure used during the SPS process results in deformation at high temperature leading to crystallographic slip of individual grains. Slip should occur on specific crystallographic planes along specific crystallographic directions, and the slip planes are generally planes having a high atomic packing density. 18 There are independent slip systems in corundum structure at high temperatures, namely {0001}h11-20i, {1-210}h10-10i, {1-210}h10-11i, {1-102} h01-11i, and {10-11}h01-11i. 19 Here, we mainly observe the development of fiber texture in the {0001} direction resulting from basal slip independent of the SPS sintered temperature. At temperatures above 700 C, the basal slip become predominant 20 with basal critical resolved shear stresses (s CB ) typically lower than 75 MPa. Above 1400 C, both values of basal slip (s CB ) and prismatic slip (s CP ) are much lower than 50 MPa, while s CB is larger. When the temperature is lower than 700 C, s CB becomes larger than s CP and prismatic slip prevails. Thus, the plastic deformation occurring in the low temperature regime leads to the formation of at least one other orientation component with {1-210} and/or {1-102} or {10-11} planes perpendicular to P SPS . Since only the {0001} fiber texture is observed, we conclude that under the present experimental SPS conditions {0001}h11-20i is the major activated slip system. Consequently, to accommodate significant axial strain in the hot pressing conditions of SPS, a possible rotation of the grain having the {0001} planes oriented perpendicular to P SPS may occur, and this indeed could be the possible mechanism for Al 2 O 3 texture development after sliding. This interpretation is supported by the relatively large degree of grain orientation observed. For larger applied pressures, previous texture studies on alumina indicated recrystallization, dislocation slip, grain boundary sliding, and anisotropic grain growth effects. 8, 17 In these works, the authors successfully achieved {0001} fiber textures with maximum densities as large as 5 times more than the ones observed here, but by using high magnetic fields, higher pressures, and temperatures around 1600 C. Nevertheless, our quantitative texture analyses are clearly consistent with thermodynamically favored {0001} slips to withstand uniaxial pressure during the SPS process. [21] [22] [23] Misorientation Distribution Functions (MDF), calculated using EBSD data (see Figures 2(d) and 3(d) ), reach a maximum for {0001} along sample normal direction and increase with temperature probably due to the minimizing grain boundary energy under thermal stress during the SPS process.
The inset of Figure 2 (b) (top one) shows the arrangement of grains having a peculiar misorientation angle. The surrounding grains are probably formed due to the simultaneously uniaxial load and the electric field. The absence of orientation correlation at the grain boundaries with the crystal lattice can be understood by the point to point misorientation profile showing three peaks at grain boundaries (See Inset Fig. 2(b) ). This particular value around 30 , 60 , and 90 high-angle grain boundaries of misorientation angle along the grain boundary can be qualitatively explained by mass transport between the planes of grain boundaries dictated by surface energy, boundary shape, and grain size during the SPS consolidation of the starting powders. This means that the value is linked to solid state diffusion, which in turn is related to the SPS process and the starting powder (in terms of size and shape). The atoms move more easily from the convex surface on one side of the grain boundary to the concave surface on the other side, rather than in the reverse direction because the chemical potential of the atoms under the convex surface is higher than that for the atoms under the concave surface (for a section across two grains). 8 Also, the driving force for grain growth is the decrease in free energy that accompanies the reduction in the total grain boundary area. Thus, the bimodal grain size distribution (that increases the intensity of small grain size as seen from EBSD data) enhances the packing density leading to almost full density for the 1700 C sample. On the contrary, the average grain size increases but the grain sizes and shapes remain within a fairly narrow range in normal grain growth.
Thus, the grain size distribution at a later time is almost similar to the one at an early time. Other factors like the structure and misorientation of the grain boundary could be observed. There is normal unimodal grain size distribution for the 1400 C indicating normal grain growth. Therefore, at this high sintering temperature (and under 100 MPa applied pressure), the grain size distribution is controlled. At the end, starting from 8 lm powder, the majority of grain size averages between 17 and 18 lm (see Figure 2 (e)), indicating a weak distribution. For 1700 C sample, there is a bimodal grain size distribution indicating abnormal grain growth (see Figure 3(e)) . Surprisingly, the increase in temperature (1700 C vs. 1400 C) does not enhance the grain growth. The bimodal grain size distribution could also explain the full densification which can result from an enhanced packing density.
The Young's modulus and hardness measured from nanoindentation experiments, parallel and perpendicular to the direction of uniaxial pressure, are presented in Figure 6 . Marked evolution of both Young's modulus and hardness is noticed along the direction of uniaxial pressure. When the sintering temperature is increasing, Young's modulus and hardness increase from 318 to 556 GPa and 15 to 42 GPa, respectively, which is in fact mainly due to an increase in density and fine grained microstructure. 18, 24 The substantial increase in anisotropy of mechanical properties is a common consequence of preferred orientations in polycrystalline materials. Grain boundaries can indeed strongly affect nanoindentation measurements giving local values higher than (6) xO ¼ 0.69420 (6) FIG. 6. Hardness and Young's modulus measurement for sample sintered at 1400 C and 1700 C MPa for indentation parallel and perpendicular to the direction of uniaxial pressure. (Note: per and para stand for indentation perpendicular and parallel to the direction of uniaxial pressure, respectively.) those obtained in the middle of the grains. In consequence, a large spreading of the hardness and Young modulus values appears. Also, higher mean values are obtained on perpendicular samples, which could be related to a higher grain boundary density compared to the one observed for parallel samples. Furthermore, the disordered structure of the grain boundary prevents the dislocations from moving in a continuous slip plane, leading to the increase of the required stress depending on the diameter of the grains. 25 In addition, the degree of elastic anisotropy in polycrystals is governed by two factors, namely the inherent single crystal anisotropy and the distribution of orientations of the constituent grains. For randomly oriented grains, the anisotropic nature of the constituent crystals is averaged out in the bulk making the macroscopic elastic properties isotropic. However, if the constituent crystals exhibit a preferred orientation, the sample will show a macroscopic elastic anisotropy behavior. 26 Therefore, the anisotropic behavior parallel and perpendicular to the uniaxial pressure direction could be associated with the observed texture. In order to estimate the orientation effect on the macroscopic elastic constants, we used the geometric mean approach of Matthies and Humbert, 27 taking the single crystal elastic stiffness tensors from the literature as disposed in the Material Property Open Database 28 and the x-ray refined OD. Using recent data from Ref. 29 , we obtained the following elastic stiffness coefficients: c 11 and c 33 ¼ 494 GPa, C 44 ¼ 160 GPa, and c 12 , c 13 , and c 14 ¼ 170 GPa for both samples, suggesting that the resulting macroscopic elastic tensors do not show significant difference between the two samples. Moreover, the texture leads to a nearly isotropic elastic behavior of the sample with c 44 ¼ c 66 ¼ (c 11 -c 12 )/2 and c 14 ¼ 0. Such a value is consistent with the fiber character of the orientation and its relatively low texture strength. The literature controversy on the sign of the c 14 stiffness component, recently assigned as positive by Hovis et al., 30 cannot be probed in our simulations. Indeed, all elastic data sets (with positive or negative c 14 ) measured up to now would provide similar results, due to the low magnitude of this component compared to the others. However, Bhimasenachar values 31 could not give us a consistent set of elastic stiffnesses through geometric mean. In this case, some of the stiffness Eigenvalues turned out to be negative and without physical meaning, mainly because of an unreasonably large c 14 component. Also, we could not find in the literature neither c 11 -c 33 values as large as the ones observed by nanoindentation (typical values are within 1%-2% of c 33 ) nor c 33 values larger than 506 GPa (where nanoindentation reaches a Young modulus of 550 GPa). Moreover, our hardness values are 30% larger than those of Krell and Blank. 32 All these observations suggest that another cause for the increased elastic anisotropy, the large Young moduli, and the hardnesses must be proposed. Mao observed strain (Taylor-like) hardening in the Indentation Size Effect (ISE) region with hardness in the 40-47 GPa on (0001)-Al 2 O 3 single crystals and polycrystals. 33 In the load independent region, the values are calculated as H ¼ 27.5 6 2 GPa for (0001)-Al 2 O 3 and 30 6 3 GPa for polycrystals, respectively. They observed that E (0001)-Al 2 O 3 < polycrystals values for h < 100 nm and obtained an averaged E at 466 GPa and 421 GPa for polycrystal and (0001) crystals, respectively, over the first 100 nm. Such values are consistent with previously reported data (cited therein). We have produced 120 nm indenting depths, while Mao and Shen 34 do not observe ISE for depths larger than 60 nm and then we would not expect as large values as the ones we observe, neither for hardness nor Young moduli. On the other hand, these latter authors do not show evidence of the significant anisotropy of the hardness values between (0001) and (10-12) Al 2 O 3 single crystal faces, 33 ,34 while we observe a relatively strong anisotropy for the values measured along and perpendicular to P SPS . The anisotropic behavior in Young's modulus and hardness with high value can be attributed to distinct plastic deformation processes under the indenter due to the activation of different slip systems for different indentation surfaces. [35] [36] [37] [38] When the sintering temperature increases, the misorientation distribution function increases to a misorientation angle of 60 due to the possible ordering of neighbor grains, which could be also responsible for high hardness along the direction of uniaxial pressure (see Figs. 3(d) and 2(d) ). The texture of the 0001 plane along the direction of the uniaxial load could also explain the high hardness and Young's modulus values for alumina sintered at 1700 C.
CONCLUSION
Spark Plasma Sintering was successfully used to obtain highly textured alumina ceramics. The microstructure and the texture were investigated by using a combination of Electron BackScatter Diffraction and X-rays analysis as a function of the sintering temperature. This analysis reveals that the alumina sintered at 1400 C is porous with an isotropic grain growth, whereas the 1700 C sintered sample is less porous with fine grained microstructure but exhibits anisotropic grain growth. The texture computed by combined analysis of XRD and EBSD gives a more intuitive picture on global and local texture. The mechanical behavior of these textured alumina ceramics was found to be slightly superior to that found by previous studies on textured alumina. Thus, we believe that the present study will be important for optimizing the processing conditions in terms of microstructure and texture development and can be used for potential applications based on textured alumina, such as transparent ceramics.
